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Exhibit A 



Hurrian Hereditary Diseases Assootated with DNA-repair Defects 



Seaskiyity 



Cancer 
SusceptlbiBty 



Symptoms 




ni^s anemia 



•y irradiation 

Mild alkylating 
agents 

UV imdiation 

Cross-lmkiiig agents 

:tJV irmditionj 
chemical riiutagens 



Lymphoma$ 



Carciaomas, 

leukemias, 

lympliomas 



Leukemias 

Skin carcinomas 
and melanomas 



Ataxia^ dilation of blood vessels in skin 
and eyes, chromosome aberrations, im- 
mune dysfuncEton 

PhotosemStivityj fecial t^slangiectases, 
chromosome alterations 

Dwarfism, retinal atropliy, pJiotosenst- 
tivity> progeria, deafness^ trisomy 10 

Hypoplastic pancytopenia, congenital 
anomalies 

Skin and eye photosensitivity, 

keratoses 



^^^KI; hum«ia Ketedltary disorders that rmy be rdsted to DNA-repair defects include dyskeratosis congenita (Zinsser* Colc- 
^^^aii syndrome), progeria (Hutchinson- Gilford syiidrome), and trichotliiodyattophy. 
^ ^J^i Fxom A. Koinberg an^ T, Baker, 1$52, DNA KeplicathH^ Id ed,, H, Freeman and Company, p. 788. 



^ J^ffoct encoded by the yeast RAD14 gene has consider- 
ate, homology with the protein encoded by one of the 
^l^es mutated in xeroderma pigmentosa patients. In addi- 
PNA transfection experiments have revealed that cer- 

Milihuman genes can rescue some UY-sensitive CHO cell 
^^^&iits. Two of the human genes identified in this way 
^M|fe,beea shown to be related to the yeast RAD3 and 
""'^^liiiO genes. The human protein with partial homology 
: J^the RADIO protein also contains a region that is similar 
^teact of £. coH UVrC 



A. 



WfRecombination between 
^^mologous DNA Sites 

^itn|the previous sections of this chapter, we discussed the 
pi|^|iymatic mechanisms by which the genome is faithfully 
'^gprpduced from one generation to another through the 
gp^ocess of DNA replication, and the phenomenon of DNA 
^^?||^ir necessary to maintain the correct DNA sequence. In 
^^^t section, we eitamine the mechanisms of recombmation 
fe#|)l^f^ich the genome can change from one generation to 
^^fher, 

^^^^JjSoon after Mendel's rules of independent gene segrega- 
^K^li?^ "^^^^^ rediscovered and the segregation of linked 
^KftvP^ of genes on individual chromosomes was widely 

IJ^^ognizedj another great genetic discovery was made in 
blocks of genes from homologous chro- 
^^^^^°"^«s could be exchanged fay the process of crossing 
'^^ll^fj or recombmation. Recombination^ which takes place 



during meiosis in sexually reproducmg organisms, pro- 
vides a mechanisnt for generating genetic diversity beyond 
that achieved by the independent assortment of chromo- 
somes. Genetic exchange by recombination occurs not only 
in animals aiid plants but also in prokaryote^, viruses, 
plasmids, and even in the DNA of cell organelles such as 
mitochondria. 

The events in a reciprocal recombmation are equiva- 
lent to the breakage of two duplex DNA molecules repre- 
senting homologous but genetically distinguishable chro- 
mosomes, an exchange of both strands at the break, and a 
resolution of the two duplexes so that no tangles remain. 
The frequency of recombination between two sites is pro- 
portional to the distance between the sites. (As discussed in 
Chapter 8, this phenomenon is the basis of genetic map- 
ping of genes defined by mutations.) In the remainder 
of this chapter, we describe various proteins involved 
in recombination and models of how they carry out 
this .process. 

Holliday Recombination Model Is 
Supported by Observatioa of Pxedicted 
laterniBdiate Structures 

A proposal by Robin Holliday in 1964 is the basis of the 
most popular current models for the molecular events of 
recombination, which are illustrated in Figure 10-28* In 
step I5 a nick is made in one strand of each of the two 
homologous chromosomes that are going to recombine. 
Strand exchange then occurs at the site of the nicks, and 
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< FIGURE 10-28 Holliday mode/ of n« M 
. recombination, eenetlcaliy distinct fiomolS'"^^^ 
chromosomes are Indicated by red and £ 
alleles are Indicated by capital and lowerca!: , % 

SUished by darlcer and liflhter shades and t ^ # 
presence or absence of prime signs (A /J'. 
Resolution of the crossed-strand Hoflldav s;„; 
ture could occur by two different pathways M 
Steps (4) and (5) or (4a} ami (5a) would , 
recombination of AQac to give AdaC wW, h " ^ 
eroduplex DNA containing the B locus in 
between. Although steps (4a) and {5b) also 
resolve the connected strands of the Hollidav 
structure, no recombinants are pr(«fuced Mk 

KfSIf''' r,*'^^''® heteroduplex region oIloL^^^: 
by DNA repli^tlon would lead to segregation 
ratios of 3:1 for locf in this region. (Steps k 
see R. Holliday, 1964, Genet Hes. S:282- sten. 
4a, 6a, 6b, see D; Dressier and H. Potter 198? 
Ann. Rev. Biocham. 61:727; also see U. Mesel 
son and C. M. Raddtng, 187B, Pfoo. Nat'i/S 
SoL USA 721368; and N. Slgaf and B. 
1972, J. Mol. Blot. 71:769.] 
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the cut 3 ends are joined to the 5' ends of the homologous 
strand, producing a crossed-stroftd Holllday structure (step 
^ . ihe branch point then migrates, creating a heterodu- 
plex region containing one strand from each parental chro- 
mosome (step 3). F^^ciuai cmo 

... jT,"''^''?f ^'"^ ^'""P"'^^ separation, 
01 resolution, of the connected duplexes. According to the 
original proposal all four strands are cut at the crossover 
site and the left side of ciiromosome I joins the right side of 



Heterodupfexes; 
, no rsoomblnants 



lU-iS . Both strands in each of the resulting duplexes are y 
recombinant,, that is, all markers" to the left andright of the % 
crossover site have undergone reciprocal recombination. A ^ 
later proposal simplifies the enzymatic cutting thatisnec- 
essary to resolve the crossed-strand intermediate. Rotation .g 
ot the Holllday structure at the crossover site forms a rota- % 
tiofiai isomer, or isomeric Holllday structure (step 4a]. The % 
two connected duplexes gf this structure could be c&olvei ' ^ 
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^mjGURE 10-29 Meselson-Radding model of genotio 

ll^mbination. Genetrcafly distinct homologous chromo- 
^P|D8s are indicated by r^d and blue; complennentafy strands 
~'f^pistingu]shsd by darker and lighter shades. In this modifi- 
of ihs Holliday model, formation of the cfossed-^trand 
JjiSay structure beelns with a nick In one of the chromo- 
^4^li^: ^^'^^f rotation at the Cfossod-strand site and branch 
^J^l^tion of the crossed-strand intermediate, resofutlon 
^g^ld occur as shown in Figure 10-28. [See M, Meselson 
|;C. Radding, 1976, Proo. Natl Acad ScL USA^limS.] 

^^tting and rejoining of only two strands. If this in- 
BK^? •^'^^ ^wo strands that were not cut to generate the 
flgjiial Holliday intermediate, then recombinant duplex 
^p^.^'^somes contauiing a heterodupiex region are pro- 
jfl (step 5a), However, if resolution involves cutting of 
g^tv^o strands that were originally cutj the resulting du- 
^ ^^tromosomes cotitain a heterodupiex region but are 
M^^combinants (step 5b), 

a further modification of the Holliday recombina- 




A FIGURE 10-30 electron micrographs of plasmid DNA 
in the process of recombination. [$) Circular plasmid DNA in 
crossed-strand Holliday structure, (b) iVfore highly magnified 
view reveals single-stranded ring in center of isomeric l-folil- 
day structure that results from rotation about the crossover 
point. [See Potter and D. Dressier, 1978, Cold Spring 
H$rbor Symp, Quant Biol 43:969; courtesy of D. Dressier*] 



tion. model, Matthew Meselson and Charles Radding sug- 
gested another mechanism for creating" a crossed-strand 
Holliday structure; this mechanism requires a single-strand 
cut in only one chromosome (Figure 10-29). DNA synthe- 
sis from the nick leads to the formation of a 5 '-phosphate 
end> which then invades the homologous duplex DNA, 
After branch migration of the crossed-strand region, rota- 
tion and resolution produce results "similar to those de- 
scribed in Figure 10-28. As we will discuss in the next sec- 
tion^ tliis model is supported by the finding that a single 
strand can be used to initiate a recombination event using a 
single E. coti protein in vitro. 

Do Holliday intermediates actually exist? Viral and 
plasmid DNA molecules in the act of recombinuig can be 
extracted from both bacterial and animal cells. Electron 
micrographs of such molecules have revealed structures 
similar to the crossed-strand and isomeric Holliday struc- 
tures (Figure 10-30), Thus, regardless of the mechanism 
initiating recombinationj the final connection between the 
unresolved chromosomes seems to involve branch migra- 
tion and chromosomal rotation. 

RecombinatiorL in coji Occurs by Three 
Similar Patliwaj's That All Require 
RecA Protein 

Genetic analysis has revealed three different pathways of 
recombination in E, coli. Not only is the RecA protein re- 
quired in all three pathways, but they also share the follow- 
ing steps: (a) generation of a single-stranded DNA segment 



392 Chapter 10 DNA Replication, Repair, and Recombination 



TOth a 3'-hydroxyi ead| {b] invasion of the duplex by the 3' 
recombinogenic end of the single-stranded JDNA and cojn- 
plexing with regions of homology^ (c) formation of 
a Holliday structure, which can undergo branch migra- 
tion j and (d) endonuclease cleavage followed by ligation to 
yield rccombitiants* Recombination in JE* colh as in 
the MeseUon-Radding model, i$ initiated by a single- 
strand cut; however> in E. coli the recombinogenic end is a 
3'-lxydroxyl end^ whereas in the Meselson-Radding model 
it is a J'-phosphate end (see Figure 10-29). In this section, 
we describe the primary £. coli recombination pathway, 
which is initiated by an en^ym^. complex called RccBCD» 

Initiation of Recombination (RecBCD Enzyme) 
The most common way that coli cells generate a reconv 
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A FIGURE 10-31' Initiation of recombinatfon by £ colt 
RecBCD enzyme. This enrynne, which has both he[ice$e and 
nuclease actMtfes, produces a singie-stcanded DNA region 
with a free 3'-hydroxyl end. This recombinogenic end btnds 
RecA, which catalyzes strand invasion and formation of a 
Holliday structure^ [See A. R Taylor et aL, 1985, 
Ce// 41:163,1 




binogenic single-stranded region of DNA probably ' v"^^ 
action of the RecBCD enzyme* This enxyme coin'^® 
which k composed of proteins encoded by the recB c 
D genesj specifically recognizes double-strand breaks S^^B 
breaks occur naturally during bacterial conjugation a ^^^SS 
cess in which chromosomal DNA is transferred fcom^^V® 
bacterium to another through direct cell contact* DouS 
stranded breaks also can be generated by exposure ^ 
x-rays and certain chemicals, -P 

The mechanism of action of RecBCD was worked o - - 
in studies with bacteriophage A, which has a linear DHaW 
genome with free blunt ends equivalent to double^strand^ 
breaks. Cermin regions of A-phage DNA undergo recombjA 
nation at higher fi:equencies than other regions in norniip:^ 
E, coli host cells but not in recBCD mutant host cells, Th^P^ 
sites of increased recombination were named CHl sitt^ 
because the Greek letter chi looks like a crossover pointW 
Bjcperiments with purified RecBCD enzyme and A DN^P 
indicate that the protein recognizes and binds to a free cn A 
of the A"phage chromosome, The enzyme then functions aiC 
a helicase, moving along arid remaining attached to theL 
duplex DNA as it unwinds it (Figure 10-31). BecauseW 
RecBCD enzyme unwinds the DNA fester than it is r«-fc 
wound, single-stranded loops are created as the proteinic 
progresses, After a CHI site has been passed, a specific 
clease activity of RecBCD cuts one of the exposed stcaad$, ^ 
leaving a free 3'-hydroxyl end just downstream fcom thelj 
CHI site* This end can now participate in the process off" 
strand invasion, which is catalyzed by RecA protein, | 



.mm 



Strand Invasion, Homologous Pairing, anclFomuh 
tion of HoUiday-Tyrpe Structure (RecA Proim) 
Studies with single-stranded DNA (ssDNA) showed tfiai 
the protein encoded by the recA gene can bind to ssDNA. 
In the presence of target duplex DNAj the RecA-ssDNA 
complex can find and bind to a target-DNA region homol- 
ogous to the ssDNA. RecA then can insert the ssDNA into 
the target DNA, displacing one of the preexisting straadj 
and forming a heterodupiex Holliday-type structure (Fig^ 
ure 10-32). 

In subsequent studies, -RecA was shown to bind to 
ssDNA' regions generated by action of the RecBCD en* 
xyme, E. coli Ssh protein stimulates this reaction by bind- 
ing to the single-stranded region and preventing intra* 
strand base pairings which would inhibit binding of &cch. 
In the presence of ATP, RecA coats the single-stranded re- 
gion and poiymerixes, forming a filament that wraps 
around the entire length of the ssDNA, Because the poly 
merizatton of RecA occurs in the 5' -> 3' direction along 
the DNAj coating takes place in a discontinuous fashion 
a region of the duplex is unwound. X-ray crystal logrj^f hie 
analysis of RecA suggests that each molecule has two 
DNA-binding sites, both of which may lie within the core 
of the filament. 
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(a) Synthetic , 
crossed*strartd ^ 
Holliday structure 3' 



dsDNA 

'AIgURE 10-32 Formation of Holiiday^vpe structure by 
"^"1/ RecA. In the presence of ATP, RecA binds single- 
^Jlled DNA (ssDNA) and promotes insertion of the bound 
at a homologous region of double-stranded DNA 
Jfepj^jA), yielding a crossed-sUand Holliday-type structure* 
^Wmsertion reaction requires the ATPaso activity of RecA. 
^^ ^3. Plory et al., 1984, Cold Spring Harbor Symp.. 
BioL 49:5130 



^LccA effectively catalyzes the in vitfo formation of 
fjWay structures between a double-stmtided circular 
\' containing a short single-stranded gap and a fally 
ile-stranded linear DNA. Although formation of Hoi- 
f^|^;Strucmres depends on RecA, their maintenance does 
^P^llenioval of RecA leaves stable Holliday st5;uctures, 
^|f||j^li have been used as sitbstrates in studies on branch 
pllgrntion and resolutton, 

^f^ck protein also is important in DNA repair, in part, 
"^^w^h its central role in regulating the SOS response of 
^^p// to UV irradiation. When E. coli cells arfe kradiated 
V light, a whole series of SOS genes that enable the 
jleduin to survive is activated^ including the recA gene 
'^lllf . hi irradiated cells^ the RecA pirotein promotes the 
fl^fSfeolytic breakdown oi various DNA-binding proteins* 
r jiisrance^ breakdown of the lambda cl repressor is de- 
__^i^|nt upon recA f unction j this inactivation of the repres- 
^Mpleases the dormant phage in irradiated ceils* RecA 
^^^if^in does not appear to be a protease itself j butTather 
^(riotes the DNA-binding proteins to degrade themselves 
pi^^teaction requiring ATP and single-stranded DNA {in 
^.M| .Ae single-stranded DNA is probably formed by DNA 
^IJ^tlown induced by irradiation). 
^I^^^A protein also promotes the cleavage of LexA pro- 
'^l^his protein^ the product of the regulatory gene lexA^ 
oppressor of a series of other genes> many of which are 
^fflved in DNA repair. Por instance^ both the recA gene 
ftttv the genes for the UvrABC nuclease ^re expressed 
^ '® rtie Le)rA protein is digested. The elaborate SOS re- 
^^ftse sheds light on why UV irradiation not only induces 
synthesis but also, because of the increased RecA 
tion, increases recombination. 
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A FIGURE 10-33 Experimental demonstration of branchi 
migration catalysed by E coil RuvA and RuvB proteins. A 
syntfietic Holliday structure vv'as produced by annealing syn^- 
thetic single-stranded oligonucleotides in which only the 
center BB' region was homofogous. Compfementarv strands 
are indicated by darker and lighter shades and the presence 
or absence of prima signs (AA';ft6'); segments with differ- 
ent sequences are indicated by color* {a) In the synthetic 
fHolllday structure, the crossover involves only the homolo- 
gous region (green). (beC) Treatment of the Holliday structure 
with RuvA and RuvB in the presence of ATP leads to branch 
migration foiiowed by unwinding to yield cruciform structures 
with nonhomologous single-stranded ends. Branch migration 
in the other direction {towards A and D) yields similar cruci- 
form structures. [Adapted from H. IwasakI et al., 1992, 
Genes & Dev. 6:2214.1 



Branch Migration and Resolution of Holliday 
Structures (Eiiv Proteins) Strains of K tro// with muta- 
tions in the ravA^ ruuB, or mvC gene exhibit defective re- 
combination^ indicating that the proteins encoded by these 
genes play a role in rccombhiation. Migration of the cross- 
over point in Holliday structures is efficiently cata[y2ed by 
RuvA and RuvB. HuvA protein specifically recognizes the 
Holliday structure^ whereas RuvB protein has the helicase 
activity necessary for promoting branch migration. Studies 
with synthetic oligonucleotide substrates have clarified the 
role of these two proteins (Figure 10-33)* 
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A FIGURE 10-34 Demonstratfon that £ co//BuvC pro- 
tein can resolve Hofliday structures. Genetically distinct DNA 
duplexes are indicated by red and blue; alleles are indicated 
by capital and lowercase letters {A,b). Corrrplementary 
strands are distinguished by darker and lighter shades and 
the presence or absence of primes (A A% A linear DNA 
moleculo end-labeled with ^^P (red dot) and a homologous 
circular DNA molecule containing a short region of single- • 
stranded DNA, called gapped DNA, were incubated with 
RecA and ATP to produce Holliday structures* In the absence 
of RuvCi strand exchange catalysed by RecA yielded two 
heterodupJex labeled products: a linear nnonomeric DNA and 
a nicked circular DNA, corresponding to the parental configu- 
ration (i.e,, a nicked circle and linear monomer). When RuvC 



Holliday structures generated by RecA are efficiently 
i;esolved by the nuclease action of the RuvC protein, which 
binds specificaHy to these recombination intermediates 
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was also present in the reaction mixture, it catalysed specilio 
cleavage of the Holliday intermediate. Cleavage at + sites 
would yield a recombinant linear dimer, whereas cleavaga at * 
sites would yield heteroduplex DNAs In the parental configo- 
ration, {insei) Diagram of an autoradtograph obtained follow- 
Ing gel electrophoresis of the reaction products with a fixed 
amount of RecA in the presence and absence of HuvC. 
Note that tn the presence of RecA and absence of RuvC, 
the radiolabel appeared in a linear monomeric DNA and 
mcked circular DNA. In the presence of RuvC, the primary 
product detected was a linear dimeric DNA, Indicating that 
RuvC cleaves Holliday structures preferentially at the 
+ sites, [Adapted from H. J. Duriderdale et aU f891f 
Mature 354:5064 



(Figure 10-34), RuvC only binds to crossed-strand jregioJ^^ ^ 
that exhibit homology^, suggesting that specific base Pf ^^^^^ |ft 
occurs within the crossover region. RuvC is not inhibited 
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^pf]GURE 10-35 Irrtagmtion of phage A into £ coll by 
te^jtibinatron at the core 0 sequence in the A attachment 
p^^lPOPO and £ co// attachment site (BOB'}, fe) fn vitro 
'*l^fWtioa of supercolled pfesmld containing the phage BOB' 
^^nent and a linear fragment of the E co// genome con- 
^jljning BOB' with purified A integrase and integration host 
^5^pf (IHfl yields a linear DNA molecule in which the phage 
"^l^ll^ Is Integrated to produce the order B'OP-plasmid-P'OB 
WM^^ Compfementery strands are distinguished by darker 
^Bf^. lighter shades, (b) The sequence of the 16-bp region that 
^similar in the bacterial and phage attachment sites Is 
^^wn. The core region Isidentlcaf. The arrows indicate the 
iJlH at which staggered cuts are made around the core 
"'Ipl^irence (0). (c) Steps in the integration of A into £ co!l, • 
l^ch is equivalent to genetic recombination between allelfc 
^^ffofs (e.g., P and B) on homologous chromosomes. ISee 
Kilts and H. A. Nash, 1987, Nature 328:346.1 



^^H^^the presence of RecAj nor does it require interaction 
RecA, as demonstrated by its fthiUty to resolve HoIU- 
'^|3^:5tructures lacking RecA, 

^jjie-Specific Ititegration of A Phages Mimics 
^^liomologous RecombirLation Event 

^Jp^^^^ examples of site-specific recombination have been 
^vcredin both prolc^ryotic and eukaryotic ceils. Site- 
^ff^^^ J^ecombinatipn requires the recognition of unique 
^W^^^^^^ sequences in both DNA molecules by enzymes 
^^^o^binases^ which tlxen catalyze the joining of the 
^Tfr^°^^^^^^^' well-studied example is the integration 
^l^ctexiophage A into a particular site in the K coH chro- 
^^Sfoine, Integration can be cafried out in yitfo with the 
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viral enzyme integrase^ wliich in a stepwise fashion makes 
and then resolves a Holliday junction. Many, but nbt all, 
site-specific recombination systems proceed through a Hol- 
liday ititermediate* ^ 

The site-specific integration of A-phage DNA into the 
E. coU diromosome is thought to be quite similar to gener- 
alized homologous recombination. The genome of A pliage 
contains a 15-bp region, the attachment site, which con- 
tains an 7-bp core sequence identical to the integration (or 
attachment) site in the host-cell DNA, The in vltto integra- 
tion system consists of a plasmid DNA that contains the 
phage attachment site (POP'^)^ a linear fragment of the bac- 
terial DNA containing its integration site (BOB0> purified 
integrasCj and a bacterial host protein termed integration 
host factor {Figure 10-35 a>fa)» By using DNA molecules 
with mutations or single-strand breaks in the 15-bp homol* 
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ogous region^ researchers have been able to stop the reac- 
tion at several stages and to collect intermediates in the 
reaction leading to integration. 

The interpretation of all the experiments with various 
mutants is that phage integrase (as a dimer) makes stag- 
gered cuts in and catalyses strand transfer beuveen bacte- 
rial and phage DNA at the core sequence of the attachment 
sites (Figure 10-35cj step 1). As in the case of topoisomer- 
asesj the cut ends of the DNA are covalently bound to 
integrase during this reaction. The resulting strand-transfer 
sti:ucture is identical to the crossed-strand HolUday struc- 
ture. If the neighboring sequences in the POP' and BOB' 
site^ are correct^ then a branch migration of seven bases 
occurs and the duplex remains perfectly paired (step 2), A 
second strand exchange (step 3) catalyzed by integrase then 
resolves the HoUiday structure, resuhing in the integration 
of the phage DNA into the bacterial chromosome. 



Studips in Yeast Are Providing Insights into 
Meiotic Recombination ' 

A central interest in exploring the mechanisms of homolo- 
gous recombination in eukaryotes is its role in meiosis. 
Studies in yeast reveal that defects in meiotic recombina- 
tion lead to defects in meiosis itself. It is unclear whether 
tliese meiotic defects reflect a requirement for meiotic re- 
combination or whether intermediates that accumulate in 
mutant strains (e*g*, double-strand breaks) lead to meiotic 
arrest* Nonetheless, it seems likely that an understanding 
of meiotic recombination will be an essential part of our 
understanding of the complex process of correctly pairing 
homologous chromosomes during meiosis. 

Four different approaches have been taken to studying 
meiotic recombination in yeast Pirst, genetic screens have 
identified one panel of genes required for meiotic recombi- 
nation and another for both meiotic and mitotic recombi- 
nation* Second, four proteins have been purified that ex- 
hibit a strand-exchange activity similar to that of E, coU 
RecA, The roles of these yeast proteins in recombination 
remain unclear but can be addressed by gene knockout 
experiments. Thirds analysis of DNA regions undergoing 
recombination have revealed recombination intermediates 
containing double-strand breaks with 5' recessed ends (i.e.^ 
3' single-stranded tails). Based on this and other observa- 
tions, a model for yeast recombination has been proposed. 
And fourth, using a differential hybridi2ation scheme, in- 
vestigators have identified genes that are selectively ex- 
pressed during meiosis. 

Genetic analysis reveals that DMCl (disrupted meio- 
sis^ cDNA l)j one of the genes identified by differential 
hybridization, is required for meiotic recombination in 
yeast. Yeast cells with mutations in DMCl accumulate in- 
termediates that have double-strand breaks and 3' single- 




stranded tails. In vitro, -E. coli RecA protein will bind 
this type of intermediate^ moreover, RecA and the yc 
DMCl protein exhibit sequence homology. Biochemical 
studies will be necessary to directly assess whether D^^q! 
functions in a manner similar to RecA. Interestingly th 
protein encoded by the yeast J^AD51 gene has an amin^ 
sequence similar to both RecA and DMCl. Mutations 
RADSl result in defects in both meiotic and mitotic re* 
combination. Based on these very early observations ft 
tempting to propose that both prokaryotic and eukacyoHc 
recombination mechanisms may be quite similar* 
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Gene Conversion Can Occur near 
the Crossover Point dnring 
Reciprocal Recombination 

Although markers at some distance from the crossover 
point are exchanged in a reciprocal fashion durmgreconv 
bination, an apparent nonreciprocal event sometimes oc- 
curs at or near the crossover point. This phenomenon is 
most easily studied in yeast in which each meiotic product 
can be scored in the haploid progeny spores, In a cross of 
multiply marked yeast strains that undergo recombination^ 
naost allelic markers segi'egate 2j2, but a few show 3:1 or 
1;3 segregation {Figure 10-36). Such a nonreciprocal eveni 
is called gene conversion because one allele is apparently 
"converted" into another. It is now known that in geno 
conversion, the exact base sequence is represented 4t tk 
converted site, obviously suggesting that exact copying of 
a DNA strand is involved. This property is referred 
to as fidelity of gene conversion. Tiie occurrence of 1:3 
and 3tl events at equal frequencies is called parity of 
gene conversion* 

The double-strand break model of yeast meiotic re- 
combination shown in Figure 10-37 can account for the 
observed phenomenon of gene conversion. In this model, 
an intermediate with two crossovers and two heterodupkx 
regions is generated.. The distortion in the heteroduplex 
regions caused by mispairing of the different alleles (e-g.> 0 
and d) can be recognized by a mismatch repair system^ 
which removes a single-stranded region containing die mis- 
match and then fills in tlie gap substituting correctly paired 
base{$J for the mispaired one{s), 

There are three possible results of mismatch repair nt 
the heteroduplex region indicated as d/D in Figure 10-37^ 
Conversion of the d allele to D results in a 3:1 ratio of T>:^ 
in the spores; conversion of D to J results in a 2:2 ratio; 
and no repair results in a 5:3 segregation ratio of D;rf (% 
ure 10-38). In the latter case, the heteroduplex remains in 
the spore^ after the first cell division, t^vo daughter cells of 
different genotypes (reflecting the alleles in the heterodu- 
plex) are generated, giving rise eventually to a sectored col- 
ony in which one-half of the colony is phenotypically D 
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